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We report evidence for surface plasmon excitations in concentric-shell fullerenes. A film of these concentric-
shell fullerenes with radii around 5–7 nm was produced by carbon bombardment of a silver polycrystalline
target and measured by electron-energy-loss spectroscopy ~EELS! in reflection geometry. These data were
analyzed with the help of a dielectric theory developed for EELS in transmission geometry. Taking into
account the concentric-shell–substrate interaction, the spectral shape can be explained as a combination of
contributions from s-p* interband transitions ~around 13.5 eV!, from the surface radial (s-p*) and tangential
(s-s*) plasmons ~around 14.5 eV and 16.7 eV, respectively!, and from the volume plasmon ~24.5 eV!.
@S0163-1829~99!03107-0#I. INTRODUCTION
Concentric-shell fullerenes were discovered in the trans-
mission electron microscope under intense electron irradia-
tion of carbon soot.1 Since that time, other production meth-
ods have been developed, such as a thermal treatment of
carbon soot2 and nanodiamonds.3 Even before any produc-
tion techniques existed, concentric-shell fullerenes were pro-
posed as possible interstellar dust components.4 This hypoth-
esis was recently supported by a theoretical investigation of
the optical properties of these molecules.5 Another exciting
application of these particles is that they can act as nano-
scopic pressure cells, leading to the formation of nanodia-
monds in the core of the particles.6
Recently, Cabioc’h et al. developed a production method
based on the bombardment of Cu ~Ref. 7! or Ag ~Ref. 8!
substrates by C ions. The main advantage of this technique
over the other methods is its ability to produce films of
concentric-shell fullerenes. Up to now, the small quantity of
multishell fullerenes produced by all the available techniques
has curbed the complete physical characterization of this ma-
terial. To our knowledge, only optical measurements on
poorly formed molecules,2 transmission electron-energy-loss
spectra8 ~T-EELS!, and infrared spectroscopy data9 have
been reported in the literature. The synthesis of thin films
opens new opportunities to study the physical properties of
concentric-shell fullerenes using surface spectroscopy.
In this paper, we report on the first study of the dielectric
properties of concentric-shell fullerenes realized by reflection
EELS ~R-EELS!. We performed the EELS measurements on
a thin film of fullerenes produced by C-ion implantation in
Ag ~Ref. 8! ~see Sec. II!. We analyzed the results in terms of
the combined excitation of surface and bulk plasmons, and
interband transitions in the carbon particles. Our discussion
is supported by a theoretical treatment based on a dielectric
model and a discrete dipole approach ~see Sec. III!.PRB 590163-1829/99/59~8!/5832~5!/$15.00II. EXPERIMENTAL RESULTS
The formation of concentric-shell fullerenes in a silver
substrate was achieved using the ion-implantation technique
fully described in Ref. 8. In the present case, a high dose
(531017 cm22) of 120-keV C121 ions was implanted into a
large polycrystalline silver sheet ~purity .99.99%,131
30.2 cm3) held at high temperature ~773 K!. This led to the
formation of a high-density layer of carbon particles on the
silver surface, or in the near-surface region, as discussed be-
low.
Figure 1~a! shows an atomic force microscopy ~AFM!
image of the implanted silver surface obtained with a Nano-
scope Digital instrument. Numerous concentric-shell
fullerenes emerging from the surface can be observed. We
also show on Fig. 1~b! a typical high-resolution transmission
electron microscopy ~HRTEM! micrograph of these
concentric-shell fullerenes. The HRTEM experiments have
been performed on polycrystalline silver disks ~3 mm in di-
ameter! where the areas observed by TEM were obtained by
a chemical polishing of the backside of the substrate. We
emphasize the remarkable sphericity of the concentric-shell
FIG. 1. AFM ~a! and TEM ~b! images of a concentric-shell
fullerene layer produced by carbon-ion implantation into a Ag poly-
crystal.5832 ©1999 The American Physical Society
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It is important to note that ~i! the concentric-shell fullerenes
are distributed uniformly throughout each crystalline grain of
the silver substrate and ~ii! a very high density of concentric-
shell fullerenes can be achieved. On the AFM image in par-
ticular, one observes that the carbon particles are more or
less embedded in the bulk of Ag. We explain these observa-
tions as follows: implanted carbon atoms precipitate in the
bulk of the silver substrate leading to the formation of
concentric-shell fullerenes during the implantation process.
Since the silver surface is extensively sputtered, wheras the
carbon sputtering yield remains very low, the carbon aggre-
gate formed in the bulk finally emerge at the surface. The
silver sputtering yield depends on the silver grain orientation,
which can explain why the density of the concentric-shell
fullerenes as observed by AFM varies from grain to grain.
The reflection energy-loss experiments were performed in
an ultrahigh-vacuum ~UHV! system equipped with an ISA-
Riber SEDRA high-resolution EELS spectrometer and a fast
entry lock for sample introduction. The energy of the inci-
dent electron beam was varied between 50 and 150 eV and
the instrumental resolution was set to 0.1 eV. All the
R-EELS measurements presented in this paper were carried
out in the specular reflection geometry (u i5ur545°). The
size of the probing beam was about 1 mm2.
In Fig. 2, electron-energy-loss spectra obtained in the
0–50-eV loss range are displayed for several primary ener-
gies (Ep) of the incident electron beam. For comparison we
also plot ~top curve! a typical T-EELS spectrum obtained on
a similar sample8 ~the zero-loss peak has been removed for
clarity!. The origin of the main loss features can be summa-
rized as follows. The 3.5-eV peak is attributed to the surface
plasmon of the Ag substrate.10 The structure between 5 and 7
eV combines both the 5.7-eV Ag volume plasmon10 and the
p surface and volume plasmon excitations of the carbon
shell, which we were not able to separate in our data. The Ag
plasmon does not appear in the T-EELS data because the
nonimplanted face of the substrate was chemically etched.
As a consequence, the transmission spectrum arises from
FIG. 2. Electron-energy-loss experimental results. The top curve
is a transmission-EELS result given for comparison. The other
spectra are reflection-EELS measured on a concentric-shell
fullerene layer in the specular geometry with different primary en-
ergies ~150, 100, 70, and 50 eV from top to bottom!. All R-EELS
spectra are normalized to the elastic peak intensity and the spectra
for Ep5150 eV and Ep550 eV are plotted with amplification fac-
tors of 1.7 and 0.6, respectively.concentric-shell fullerene excitations only. In R-EELS, the
weight of the Ag surface plasmon increases with increasing
primary energy because the penetration depth of the elec-
trons becomes larger and the inelastic scattering range
changes as the momentum transfer decreases ~see Sec. IV!.
At higher loss energies, a very broad feature is observed
and its maximum is seen to shift to higher loss energies with
increasing primary energy. In the Discussion ~Sec. IV! we
will explain that this feature contains contributions from
s-p* interband transitions ~around 13.5 eV! and from s
1p plasmons. Among the latter, the surface radial (s-p*)
plasmon ~14.5 eV!, the tangential (s-s*) plasmon ~around
16.7 eV! and the volume plasmon ~25 eV! show up with
different weights in spectra taken at different primary ener-
gies.
III. THEORETICAL MODELING
In this section, we analyze the results presented above in
the light of EELS numerical modeling. We also investigate
the role of the Ag substrate on the surface resonance modes
of the spherical carbon shells.
In previous works,11,12 we computed the energy loss of an
electron passing near a spherical ~concentric-shell! carbon or
a cylindrical ~cigar-shaped! particle. Two models were de-
veloped. The first one was based on the multipole dynamical
polarizability a l(v) of a perfectly spherical concentric-shell
fullerene.12 The loss probability P(v) was then evaluated
through a dielectric model for a classical trajectory.13
In the second discrete dipole approximation ~DDA!
scheme,11 a hyperfullerene particle was viewed as a set of
dipoles pi located at the positions ri of the atoms. To each
carbon was assigned a dipolar tensor of the form11,14
aJ~v!5a i~v!rr1a'~v!~uu1ff!, ~1!
where a i(v) and a'(v) were taken from the graphite di-
electric function via a Clausius-Mosotti-like relation.11,14 The
input dielectric tensor was taken from published experimen-
tal data.15 The loss probability P(v) was computed for an
electron moving on a classical trajectory along oz and inter-








ai~v!5doiK1~vdi /v !,2iK0~vdi /v !, ~3!
where di is the impact parameter measured from ri , zi is the
z component of ri , q is the charge of the electron with
velocity v , and Km is the modified Bessel function of order
m.
In Eq. ~2!, the pi’s are the dipole moments induced by a
Fourier component Ee(v) of the total electric field. A con-
tribution of it is the Coulomb field of the moving electron
evaluated at position ri ,
5834 PRB 59L. HENRARD et al.Ee~v!5
qv
2pe0v2
eiwzi /vdoiK1~vdi /v !, iK0~vdi /v !.
~4!
To this field, we need to add the one generated by the other
dipoles, and the field induced by the Ag substrate. The latter
is evaluated through the image approximation16 as illustrated
in Fig. 3. The atomic dipole moments pi(v) are then solu-





1TJ8~ri2ri8!pi~v!, i51, . . . ,N , ~5!
where Ee(v) is now the external field generated by the mov-
ing electron and by its image charge and where TJ(ri2rj)
denotes the dipolar tensor; TJ8(ri2rj8)5SJTJ(ri2rj8) with rj8
being the position of the image dipole relative to the sub-
strate surface (z50), and
SJ5 es~v!21
es~v!11S 21 21 1D
is the electrostatic field propagator16 with es(v) the dielec-
tric function of the substrate ~Ag in the present study17!.
IV. DISCUSSION
The dielectric model and the classical electron approxi-
mation have given satisfactory results for the interpretation
of EELS data in both transmission and reflection
geometries.18 Our dipole model for anisotropic concentric-
shell fullerenes has already demonstrated its validity for
simulating both optical measurements12,19 and the van der
Waals adsorption of C60 on a surface.20 It should therefore be
applicable in the present context, although the formulation of
Sec. III is only valid for an electron traveling along a
straight-line trajectory parallel to the substrate. The calcula-
FIG. 3. Schematic representation of an electron passing near a
fullerene molecule interacting with the silver substrate via image
dipole theory. F(v)5@es(v)21#/@es(v)11# .tions presented above are thus better suited to describe spa-
tially resolved T-EELS data than R-EELS experiments. In
addition, the model only accounts for long-range inelastic
~dipolar, quadrupolar, etc.! scattering. However, since sur-
face excitations are dominant in R-EELS, the model still
gives useful predictions.
In transmission geometry, isolated concentric-shell
fullerenes are predicted to give a s1p volume-plasmon loss
centered at 25 eV for a penetrating electron.11,21 This corre-
lates well with the experimental results presented above and
with the measurements of the volume plasmon in carbon
nanotubes.22,23 We also predicted11 two surface plasmons as-
sociated with a tangential (s-s*) and a radial (s-p*) exci-
tation of the carbon anisotropic shell, respectively. These
two modes are analogous to the symmetric and antisymmet-
ric modes of a free-standing dielectric film. The more intense
tangential mode is found to be between 14.5 and 17.5 eV
depending of the size of the internal cavity. For completely
filled concentric-shell fullerenes like those produced by ion
implantation, it was calculated at 17.5 eV.11 The radial mode
was found to be at 14.8 eV for all concentric-shell fullerenes.
In our experiment the concentric-shell fullerenes are not
isolated, so the presence of the substrate has to be taken into
account. Figure 4 compares the theoretical EELS spectrum
for an isolated C60@C240@C540 molecule to the one calcu-
lated for the same molecule lying on a Ag substrate. A clear
effect of the substrate is to shift the frequency of the surface
plasmon modes. There is a small broadening of the modes as
well, which is hardly visible when using a realistic dielectric
function.
In Fig. 4, the inset presents the shift of the surface plas-
mon resonance of the C60@C240@C540 molecule as a func-
tion of the distance d from the molecule center to the surface
obtained with the experimental dielectric data.15 As ex-
pected, there is a redshift of the excitation energy as the
molecule approaches the surface ~the molecular radius is 12
Å!. At contact distance,24 the resonance is reduced to 16.7
eV for the tangential plasmon and 14.5 eV for the radial
FIG. 4. Simulated electron-energy-loss spectrum for a 100-keV
electron passing nearby a C60@C240@C540 molecule. The impact
parameter is 20 Å . The lower curve is for an isolated molecule and
the upper curve is for a molecule lying on an Ag substrate. Inset:
Position of the surface s1p and s-p* resonance of a
C60@C240@C540 molecule as a function of the distance d between
the molecule center and the substrate surface.
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by the more important coupling of this mode to the substrate
due to its larger polarizability. This effect could be experi-
mentally checked if similar experiments were done on a di-
electric substrate instead of a metallic one but the production
of concentric-shell fullerenes by ion implantation constraints
us to metallic substrates.
The next step towards the comprehension of the experi-
mental data consists in taking into account that, as observed
in the AFM picture in Fig. 1, the concentric-shell fullerenes
are close enough that the presence of neighboring particles
can influence the surface plasmon energy. As a first approach
to this problem we used the Clausius-Mosotti relation:25 in
our model ~Sec. III!, we took the dipolar (l51) term and
computed the dielectric function of the layer of concentric-
shell fullerenes as a function of the onion density. Estimating
the average density from Fig. 1 to be 2310210 Å 23, this
leads to a negligible shift of the loss peak compared to the
case of an isolated concentric-shell fullerene. Nevertheless,
in many points of the sample surface small clusters of several
particles are seen and there the local density is substantially
higher than the average value mentioned above. For such
small clusters the surface plasmon will be redshifted. How-
ever, no definitive conclusion can be drawn from this result
since higher multipolar order interactions might not be neg-
ligible for large molecules such as fullerenes,26 especially
when they form clusters, and the Clausius-Mosotti formula
could be not entirely valid, as a consequence.
We now turn to the detailed analysis of the data presented
in Fig. 2. From the above analysis of the substrate-
concentric-shell interaction on collective excitations, we are
not able to explain the dominant intensity of the 13.5-eV
peak for Ep550 eV, whereas the radial surface plasmon is
expected at 14.5 eV, nor the fact that the predicted 16.7-eV
surface plasmon mode does not clearly show up in the ex-
perimental data. We have adressed these two questions as
follows.
As the local electronic density of states of the concentric-
shell fullerenes should not differ much from that of graphite,
the loss spectra of these two forms of carbon should show
similar features. In graphite, a loss peak is found around 13
eV which is attributed to s-p* interband transitions contrib-
uting to the out of plane component of the dielectric tensor.27
For low Ep ~50 eV!, the momentum transfer accompanying
the loss at 13.5 eV is large, of the order of 2.5 Å 21. In these
conditions, the inelastic scattering of the incident electrons is
short ranged28 and the interband transitions dominate. The
model we presented in Sec. III does not include such short-
wavelength excitations of the concentric-shell fullerene mol-
ecules because it is based on long-wavelength dielectric data.
As Ep increases, the transferred momentum decreases and
the range of the interaction becomes larger. As a conse-
quence the radial surface plasmon mode ~predicted at 14.5
eV! acquires more intensity. This explains why the higher-
energy spectral feature in the Ep550 eV spectrum is peaked
at 13.5 eV.
Let us now consider why the radial and the tangential
surface plasmons do not show up as separate peaks and why
the most intense resonance ~tangential mode! in the T-EELS
calculation ~Fig. 4! is not clearly prominent in the experi-
mental R-EELS. Both theoretical and experimental29 resultsin T-EELS show that the position of the resonance associated
with the tangential surface plasmon depends on the impact
parameter of the incident electron beam. This is due to the
variation of different multipolar responses upon change of
the impact parameter. On the other hand, a change in impact
parameter does not affect the radial surface plasmon energy.
It is obvious that the impact parameter is an ill-defined quan-
tity in R-EELS. For our experimental data, we should there-
fore consider an average over all impact parameters. Conse-
quently, the resonance with an energy dependence on the
impact parameter is expected to be very broad and less in-
tense whereas the resonance with no dependence on the im-
pact parameter appears relatively stronger in the spectrum.
This explains why we see just one broad structure between
10 and 20 eV instead of separate radial and tangential plas-
mon peaks.30
When the primary energy of electrons Ep increases be-
yond 70 eV, a resonance centered around 24.5 eV appears. In
the T-EELS spectrum, the 24.5-eV broad peak is clearly as-
sociated with the bulk plasmon excitation of the concentric-
shell fullerenes, since the electron beam penetrates the
concentric-shell fullerenes.8 For tubular carbon particles, a
bulk plasmon excitation was found between 20 and 27 eV
depending on the internal and external radii of the
nanotubes.22,23 The 24.5-eV peak observed in R-EELS with
high primary energy can therefore also be assigned to the
bulk plasmon excitation. At lower primary energy, the inten-
sity of the volume plasmon decreases because the penetra-
tion depth of the electrons in carbon decreases. This inter-
pretation is supported by the fact that the probing depth of
electrons in fullerene is minimum for 50-eV electrons.31
In conclusion, we have reported experimental evidence
for a surface plasmon excitation in concentric-shell
fullerenes. We analyzed these R-EELS data with the help of
a dielectric theory developed for T-EELS, by focusing on the
existence of two surface plasmon modes ~tangential and ra-
dial! associated with the anisotropic carbon shell and consid-
ering the interaction between the concentric-shell fullerene
particles and the Ag substrate. We found that the spectral
shape can be explained as due to contributions from s-p*
interband transitions ~around 13.5 eV!, from the surface ra-
dial (s-p*) plasmon ~14.5 eV!, from the surface tangential
(s-s*) plasmon ~around 16.7 eV!, and the volume plasmon
~24.5 eV!, which show up with different weights in spectra
taken at different primary energies.
Further theoretical investigation is needed for modeling
the plasmon excitation in reflection geometry, as well as for
understanding the effect on the plasmon energy of both the
clustering of the concentric-shell fullerenes, and their partial
embedding into the substrate. EELS data for a different size
of concentric-shell fullerenes and for concentric-shell
fullerenes deposited on various substrates will also be deter-
minant tests for the models.
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